Histidine decarboxylase (HDC) is the enzyme that catalyzes the conversion of histidine to histamine, a bioamine that plays an important role in allergic responses, inflammation, neurotransmission, and gastric acid secretion. Previously, we demonstrated that gastrin activates HDC promoter activity in a gastric cancer (AGS-E) cell line through three overlapping downstream promoter elements. In the current study, we used the yeast one-hybrid strategy to identify nuclear factors that bind to these three elements. Among eight positives from the one-hybrid screen, we identified Kruppel-like factor 4 (KLF4) (previously known as gut-enriched Kruppel-like factor (GKLF)) as one factor that binds to the gastrin responsive elements in the HDC promoter. Electrophoretic mobility shift assays confirmed that KLF4 is able to bind all three gastrin responsive elements. In addition, transient cotransfection experiments showed that overexpression of KLF4 dose dependently and specifically inhibited HDC promoter activity. Regulation of HDC transcription by KLF4 was confirmed by changes in the endogenous HDC messenger RNA by KLF4 small interfering RNA and KLF4 overexpression. We further showed that KLF4 inhibits HDC promoter activity by competing with Sp1 at the upstream GC box and also independently by binding the three downstream gastrin responsive elements. Taken together, these results indicate that KLF4 can act to repress HDC gene expression by Sp1-dependent and -independent mechanisms.
tion occurs at both the transcriptional and post-translational levels, the latter by proteolytic processing through the ubiquitin-proteasome pathway (6, 7) .
HDC promoter activity is up-regulated by several different stimuli, including gastrin (8) , phorbol ester phorbol 12-myristate 13-acetate (8 -11) , oxidative stress (12) , thrombopointin (13) , and Helicobacter pylori infection (14, 15) . Whereas not all of the cis-acting DNA elements or the transcriptional factors involved in regulation of HDC transcription have been identified, three GC-rich gastrin responsive elements located downstream of the transcription initiation site have been characterized in the human HDC promoter region (16, 17) . Through the use of Southwestern blot and UV cross-linking, the sizes of the three gastrin responsive element-binding factors have previously been assessed at 53, 33 , and 110 kDa of apparent molecular mass, respectively (16, 17) . Recently, a neural peptide pituitary adenylate cyclase-activating polypeptide has been reported to regulate HDC promoter activity in PC12 cells, and the responsive element of pituitary adenylate cyclase-activating polypeptide has been further mapped to the Ϫ177 to Ϫ170 region of the HDC promoter. Moreover, by using different protein kinase inhibitors, it has been shown that the mechanism of pituitary adenylate cyclase-activating polypeptide regulation is distinct from gastrin regulation of the HDC promoter (18) . Interestingly, the DNA methylation state of the HDC promoter region has been also shown to control HDC gene expression in both the human and mouse (19, 20) . The HDC promoter region was demethylated in the HDC-expressing cell lines, such as the differentiated mast cell line MC9 and the erythroleukemia cell line DS19. In low HDC expression cells lines, such as P815, the HDC promoter was also demethylated after induction through incubation of P815 cells in the peritoneal cavity of BDF1 mice, and forced demethylation treatment induced high expression of HDC mRNA in P815 cells (19) . Although mutation of the Sp1-binding GC box in the human HDC promoter appear to disrupt the promoter activity, Sp1 binding to this GC box element does not appear to be influenced by DNA methylation at this site (20) .
Gastrin has also been shown to up-regulate gene expression through GC-rich DNA cis-elements in the promoter. For example, gastrin-induced activation of the chromogranin A promoter was mediated by a Sp1/Egr1 binding site (21) . In addition, gastrin has been shown to up-regulate the vesicular monoamine transporter-2 promoter through a AP-2/Sp-1 binding site (22) . Three gastrin responsive elements in the HDC promoter are also GC-rich, and bind novel, yet undefined transcription factors. Whereas most of these gastrin responsive elements are GC-rich, they do not share significant homology with each other. In terms of transcription factors that bind to GC boxes, Sp1 was the first mammalian transcriptional factor to be cloned (23) , and it binds to GC boxes (24) , CACCC boxes (also called GT boxes) (25) , as well as basal transcription elements (26) . Sp1 belongs to the "zinc finger" family of transcriptional factors containing at least 20 identified members in mammals (27) , including the Sp1 proteins, Sp1-Sp6, Kruppel-like factors (KLF1-KLF13), and KKLF. They share high homology with each other at their C-terminal with three zinc fingers that are similar to those found in the Drosophila protein, Kruppel. Because all Sp1/KLF factors appear to bind with varying affinities to GC-rich sequences, all family members have the potential to affect "Sp1 site-dependent" transcription.
Kruppel-like factor 4 (KLF4), previously known as gut-enriched Kruppel-like factor, is a recently cloned transcriptional factor in the mouse (28, 29) and in human (30) , which binds GC-rich DNA sequences with a consensus core DNA binding sequence of CACCC (31) . It is a member of the KLF family that contains at least 14 members, and is highly expressed in the gastrointestinal tract and other epithelial tissues (27) . It has been demonstrated by different laboratories that KLF4 both activates and represses gene transcription (32) (33) (34) (35) (36) , and these activation and repression domains have also been mapped within KLF4 (30, 37) . Analysis of KLF4 target genes reveals the function of KLF4 in inhibition of cell proliferation and promotion of terminal differentiation, which includes roles in down-regulation of ornithine decarboxylase (ODC) promoter activity (32) and up-regulation of several keratin genes (38 -40) . In addition, there is a requirement for KLF4 in p53-mediated G 2 /M cell cycle arrest upon DNA damage (41) , and a requirement for KLF4 in the terminal differentiation of goblet cells in the colon (42) . In addition, preliminary studies using a conditional gastric epithelium KLF4 knock-out mouse model suggest that KLF4 is required for normal gastric epithelial proliferation and differentiation (43) .
In this study, we used yeast one-hybrid screening to identify KLF4 as one of the gastrin responsive element binding factors.
In addition, we also demonstrated that overexpression of KLF4 dose-dependently and specifically inhibits HDC promoter activity, and the KLF4 inhibition on the promoter is through both upstream Sp1 binding GC box and downstream gastrin responsive elements.
MATERIALS AND METHODS
Yeast One-hybrid Screening-Yeast one-hybrid screen was performed according to the manufacturer's instruction (MATCHMAKER One-Hybrid System; Clontech). Briefly, two tandem copies of the fulllength gastrin responsive element (ϩ1 to ϩ48) (designated as gastrin responsive elements (GAS-RE) (full)) ( Fig. 1A) with EcoRI and XbaI sites at the ends were cloned upstream of the HIS3 reporter plasmid pHISi-1 digested with EcoRI and XbaI. The reporter plasmid was then further integrated into yeast strain YM4271 to generate the GAS-RE (full) reporter strain. Background growth of this reporter strain was ablated by titrating with 30 mM 3-aminotrizole (3-AT) (Sigma). Screening was carried out by transforming human lung cDNA library from Clontech (catalog number HL4044AH) into the GAS-RE (full)-pHISi-1 reporter strain. Plasmids were retrieved from the yeast colonies growing in His-Leu-agar plates with 30 mM 3-AT (44) . Plasmids from these clones were then transformed into DH5␣ bacterial competent cells (Invitrogen). The cDNA inserts were sequenced and then blasted with GenBank TM data base. To confirm yeast one-hybrid screening results, three tandem copies of each three gastrin responsive element were separately cloned into the reporter plasmid pHISi-1 to generate reporter yeast strains using the same strategy as described above. Positive plasmids from the first round screening were transformed back into GAS-RE (full) and GAS-RE1 (ϩ1 to ϩ19), GAS-RE2 (ϩ11 to ϩ27), and GAS-RE3 (ϩ28 to ϩ48) (Fig. 1A) reporter strains using LiOAc strategy (45) . The yeast colonies from each transformation were then patched onto His-Leu-agar plates with different amounts of 3-AT. The growth of patched yeast colonies were compared after 2 to 4 days incubation in a 30°C incubator.
Nuclear Extract Preparation and Electrophoretic Mobility Shift Assays (EMSAs)-Nuclear extract from AGS-E cells was prepared by the method of Dignam et al. (46) , as modified by Lee et al. (47) . Double stranded oligos of GAS-REs as shown in Fig. 1A and HDC-Sp1 oligos (see text) were radiolabeled using Klenow enzyme and [␣-32 P]dCTP. The respective double stranded DNA was generated by annealing one full strand with another strand that has 5Ј overhangs without dCTP. Briefly, 5-10 g of nuclear extract from AGS-E cells were mixed with 1.0 g of poly(dA-dT) (for GAS-RE probes) or poly(dI-dC) (for Sp1 binding GC box) (Amersham Biosciences) and different amounts of unlabeled oligos or 1-l antibodies in a 20-l reaction volume containing 20 mM HEPES (pH 7.9), 150 mM KCl, 1 mM EDTA, 2 mM dithiothreitol, and 5% glycerol (48) . The reactions were incubated on ice for 15 min prior to the addition of 20,000 -100,000 cpm of [␣-
32 P]dCTP-labeled oligos. Mixtures were further incubated on ice for 10 min before loading onto a 0.5ϫ TBE, 5% nondenatured polyacrylamide gel, and then electrophoresis was carried out at 250 V for 1.5 h at 4°C. The gel was then dried and exposed to a Fuji phosphorimaging screen overnight, and the screen was scanned using a phosphorimager (Fuji FLA-5000).
Construction of Plasmids-The minimal HDC promoter-driven luciferase reporter constructs with and without mutations were made by ligating different HDC promoter inserts with KpnI and HindIII restriction sites at the 5Ј and 3Ј ends with pGL2 firefly luciferase vector (pGL2-basic) (Promega) pre-digested with the same enzymes. Different HDC promoter inserts were generated by annealing sense strand (5Ј partial) with the respective antisense strands (5Ј partial) as listed in Table I (the respective mutations were also underlined). Both strands have complimentary 20 -30-bp overlap in the middle region. The annealed oligos were then Klenow filled-in to generate full-length doublestranded fragments. They were further used as the template for PCR to clone the promoters into pGL2 vector as described above, using the primers with KpnI and HindIII restriction enzyme sites at the 5Ј end as listed in Table I . The final reporter constructs were all confirmed by sequencing.
The human KLF4, KLF4(ZF), KLF5, and KLF5(ZF) expression plasmids were cloned as follows. First, total RNA was extracted from exponentially growing AGS-E cells as mentioned below. The reverse transcription reaction was performed to generate the first strand cDNA. The cDNA was used as template to perform PCR using the following primer pairs: KLF4-5 (5Ј-CCCGGATCCATGGCTGTCAGCGACGCGC- Cell Culture and Transient Transfections-AGS-E cells and HEK293 cells were grown in complete medium (Dulbecco's modified Eagle's medium containing 10% fetal calf serum, 100 IU/ml penicillin, and 100 g/ml streptomycin) in a humidified atmosphere (5% CO 2 ). AGS-E cells were generated by stable transfection of AGS cells (ATCC CRL 1739) with the CCKB receptor. Transient transfections were performed using Superfect® (Qiagen) according to the manufacturer's protocol. AGS-E cells were seeded to ϳ60% confluence in 12-well plates. Each well was transfected with 0.005 g of thymidine kinase promoter-driven Renilla luciferase expression plasmid as an internal control, 0.5 g of different HDC reporter constructs, and 0.5 g of either the different expression plasmids or the empty vector. Three hours after transfection, media was replaced with Ultraculture®. Cells were stimulated the following day with gastrin (10 Ϫ7 M) for a 24-h period. If gastrin treatment is not needed, the cells were cultured in regular medium after transfection.
Total RNA from AGS-E Cells and Quantitative Reverse Transcriptase-PCR-AGS-E cells were grown to 70% confluence in either a 6-well (for reverse transcriptase-PCR) or a 10-cm tissue culture dish (for cloning of KLF4 and KLF5 constructs). Cells were then transfected with specific KLF4 siRNA ordered from Qiagen-Xeragon or KLF4 expression plasmids (pcDNA3-KLF4 and the vector alone) according to the manufacturer's protocol (Invitrogen). KLF4-specific siRNA sequence corresponds with the following DNA sequence (5Ј to 3Ј): AAC-CTGGCGCCCCTACCTCGG. Forty-eight hours later, RNA was isolated using Trizol® reagent (Invitrogen) in accordance with the manufacturer's protocol. After extraction, 5 g of total RNA was then used as a template to synthesize the complimentary cDNA using the First Strand Synthesis Kit (Invitrogen). The cDNA from this synthesis was then used in regular reverse transcript PCR and quantitative real-time PCR (quantitative reverse transcriptase-PCR) analysis using the following primer pairs of human origin: HDC5 (5Ј-AAGATCATCAAGCCGCCTC-AGC-3Ј) and HDC3 (5Ј-AGCGCACCGTCTTCTTCTTAGT-3Ј) for the HDC gene, KLF4-5RT (5Ј-CAAGTCCCGCCGCTCCATTACCAA-3Ј) and KLF4-3RT (5Ј-CCACAGCCGTCCCAGTCACAGTGG-3Ј) for the KLF4 gene, and GAPDH-5RT (5Ј-GACATCAAGAAGGTGGTGAAGC-3Ј) and GAPDH-3RT (5Ј-GTCCACCACCCTGTTGCTGTAG-3Ј) for the GAPDH gene.
RNase Protection Assay-About 260 bp of the 3Ј portion of ␤-actin cDNA and about 530 bp of the 3Ј portion of human HDC cDNA were used as the template to label the probes. [ 32 P]CTP-labeled probes were incubated with 20 g of total RNA for ␤-actin and 60 g for HDC and then subjected to RNase digestion using a kit from Ambion (catalog numbers 1312 and 1415). Following electrophoresis on a 6% polyacrylamide denaturing gel with 8 M urea, the gel was then dried and exposed to a Fuji phosphorimaging screen overnight, and the screen was scanned using a phosphor imager (Fuji FLA-5000). Three separate RNase protection assays were performed with similar results.
Luciferase Assays of HDC Reporter Constructs-After incubation with or without gastrin, cells were washed with PBS and frozen at Ϫ80°C for at least 30 min to increase the efficiency of cell lysis. Cells were then transferred to room temperature and incubated with 250 l of 1ϫ passive lysis buffer (Promega) for 20 min with constant shaking. Fifty microliters of the cell lysate was then assayed in a Monolight luminometer, Monolight TM 3010 (BD Pharmingen). Light units of each reporter were divided by those of the internal control Renilla luciferase to represent the relative promoter activity.
Western Blotting Analysis-KLF4-pcDNA3.1/Myc-HisB overexpression construct and the vector control were transfected into HEK293 cells similarly as described above. 48 h later after transfection, the cells were harvested and lysed with lysis buffer containing 10 mM Tris/HCl (pH 8.0), 300 mM NaCl, 1% Triton X-100, plus proteinase mixture (Roche Diagnostics, catalog number 10130500). The cells were sonicated briefly, and the supernatant was collected by centrifugation. About 100 g of total protein was separated on 4 -20% SDS-PAGE, and the proteins were transferred to polyvinylidene difluoride membrane. Western blotting analysis was then performed using anti-myc horseradish peroxidase antibody (1:5000, Invitrogen, catalog number 46-0709) and anti-␣-tubulin antibody (1:1000, Oncogene, catalog number CP06-100UG) followed by a standard enhanced chemiluminiscence (ECL) detection procedure.
RESULTS

Yeast One-hybrid Screening to Identify GAS-RE Binding
Factors-To identify the nuclear factors that bind the gastrin responsive elements in the HDC promoter, a human lung cDNA library was screened using two tandem copies of fulllength GAS-RE (full) as the bait that spans from ϩ1 to ϩ48 in the promoter (Fig. 1A) . After two positive clones from the first round of screening were pulled out, they were further confirmed by using the individual gastrin responsive elements GAS-RE1, GAS-RE2, and GAS-RE3 reporter strains (respective reporter constructs are shown in Fig. 1B ). As shown in Fig.  1C , only transfection of the plasmid extracted from clone 2 (but not from clone 1) into each reporter strain showed cell growth The specific mutations within each gastrin responsive element are shown at the bottom, which were used for further studies. B, probes used in yeast one-hybrid screening and positive confirmation. Two tandem copies of the full-length gastrin responsive element and three tandem copies of each individual were cloned into the reporter plasmid pHISi-1. C, confirmation of positives from yeast one-hybrid screening. Two plasmids from two positive clones (1 and 2) were transformed into GAS-RE (full), GAS-RE1, GAS-RE2, and GAS-RE3 reporter strains. The transformants from each transformation were patched onto His-Leu-dropout agar plates with or without 30 mM 3-AT, a competitive inhibitor of the yeast HIS3 protein (HIS3p) that is used to suppress the basal growth and for the positive selection. The plates were incubated at 30°C for 2 (no 3-AT) or 4 days (30 mM 3-AT) before being photographed. Positive clone 2 showed the growth on 3-AT containing His-Leu-dropout plates in single GAS-RE1, GAS-RE2, and GAS-RE3 reporter strains. Negative clone 1 did not grow on the same plate using the three single reporter strains, even though it grew using the GAS-RE (full) reporter strain.
on the 30 mM 3-AT containing plate, whereas on plates lacking 3-AT, they showed similar growth, indicating that protein expressed from clone 2 can bind all three gastrin responsive elements (and clone 1 is not a true positive). After sequencing, the plasmid extracted from clone 2 was found to contain the in-frame 3Ј sequence of the human KLF4 cDNA. From the yeast one-hybrid screening, in addition to KLF4 we found seven other plasmids (containing partial in-frame sequence of Baf60a, Mif1, eIF4B, eIF6, PRED56, KLF2(LKLF), and DC24) transactivated by reporter gene expression. We decided to concentrate our studies in this report on KLF4, because this zinc finger containing transcriptional factor is highly expressed in the gastrointestinal tract, and inhibits ODC promoter activity (32) , an enzyme that is within the same functional group as HDC.
KLF4 Binds All Three GAS-REs by EMSAs-After we identified KLF4 as a potential factor binding to GAS-REs, we next confirmed this interaction through EMSAs. As shown in Fig.  2A , GAS-RE1 was radiolabeled and mixed with nuclear extracts from AGS-E cells, and the reaction was then loaded onto a 6% nondenatured polyacrylamide gel. One strong (C2), and two weak DNA-protein complexes (C1 and C3) were observed ( Fig. 2A, lane 2) . Two hundred-fold molar excess of different unlabeled oligos were used as competitors in EMSAs. As shown in Fig. 2A , unlabeled mutant GAS-RE1 competed with the major C2 complex to a lesser extent compared with wild type GAS-RE1 (lane 4 versus lane 3). The weak C1 and C3 complexes appeared to be nonspecific by these competition assays. In addition, unlabeled mutant bcn1 oligo competed with the C2 complex to a much lesser degree than the wild type bcn1 oligo (lane 6 versus lane 5), a DNA binding motif in the laminin B2 chain gene promoter (49) that binds strongly to KLF4 as previously reported (34) . These data suggest that KLF4 is present in the C2 complex. The presence of KLF4 in this complex was confirmed by supershift with a KLF4 antibody (C4, in lane 8). This supershift was not seen when another antibody raised against a highly related zinc finger-containing transcriptional factor Sp1 was used (lane 7). Thus, from the EMSA data above, we have shown using both KLF4 binding oligo competition and anti-KLF4 antibody competition that KLF4 binds GAS-RE1.
Similar EMSA experiments using GAS-RE2 and GAS-RE3 as labeled probes (shown in Fig. 2 , B and C) also showed that KLF4 is able to bind both GAS-RE2 and GAS-RE3. Incubation of labeled GAS-RE2 and GAS-RE3 with nuclear extracts resulted in two shifted bands (C1 and C2), but only one (C1) was specific and could be competed away by wild type but not mutant competitors. Incubation with the KLF4 antibody again resulted in a specific supershift (C3, Fig. 2, B and C) indicated the presence of KLF4.
KLF4 Dose Dependently and Specifically Inhibits the HDC Promoter Activity-Previously, it has been reported that KLF4 can act as a transcriptional activator and repressor in different systems (30 -34) . In addition, KLF4 is highly expressed in epithelia of the gastrointestinal tract. Therefore, because KLF4 binds to the HDC promoter as demonstrated by yeast onehybrid screening and EMSAs, it was of interest to determine the effect of KLF4 binding on HDC gene regulation. To first test the transcriptional activity of KLF4 on the HDC promoter activity, the minimal 107-bp HDC promoter firefly luciferase gene reporter construct was generated. As indicated in Fig. 3A , the minimal HDC promoter spans from Ϫ59 to ϩ48 relative to the transcriptional initiation site (shown by ϩ1) and contains an upstream TATA-like box, an upstream GC box, and the three downstream gastrin responsive elements.
To test the effect of KLF4 on HDC promoter activity, transient cotransfection experiments with the minimal HDC re- porter plasmid and increasing amounts of KLF4 expression plasmid (pcDNA3-KLF4) were conducted. As shown in Fig. 3B , KLF4 dose-dependently inhibited HDC promoter activity, with ϳ60% inhibition seen with 1.0 g of KLF4 plasmid. KLF4 function was further tested on the activity of the reporter construct containing the full human 1.8-kb HDC promoter (8) by cotransfection with the KLF4 expression plasmid or the vector control. Similar to the minimal HDC reporter (Fig. 3C) , KLF4 also inhibited the promoter activity of the 1.8-kb HDC promoter, although the basal activity of the 1.8-kb promoter was much greater than the minimal promoter suggesting the presence of additional enhancer element(s) within the 1.8-kb fragment. Nevertheless, the -fold inhibition of KLF4 on both promoters was similar. Therefore, we used the minimal HDC promoter construct for further studies.
It has previously been established that KLF4 is a member of the Kruppel-like family and contains three zinc fingers at the carboxyl terminus. KLF5, also named as IKLF (intestinal Kruppel-like factor), is the Kruppel-like factor most closely related to KLF4. To test the specificity of the KLF4 inhibitory effects on the HDC promoter, both KLF5 and KLF4 expression plasmids were cotransfected with the minimal HDC promoter reporter construct. Whereas there was ϳ60% inhibition observed in conjunction with KLF4 expression, there was no significant change in promoter activity with KLF5 expression (Fig. 3D ). In addition, there was no inhibitory effect observed when only the KLF4 zinc finger (amino acid residues from 388 to 470) or the KLF5 zinc finger (amino acid residues from 374 to 457) were used instead of full-length KLF4 or KLF5, consistent with published data showing that the inhibitory domain of KLF4 is outside of the zinc finger (30) . These results are consistent with other reports indicating that KLF5 and KLF4 have different transcriptional functions (8) , and further confirmed that the HDC promoter was inhibited specifically by KLF4. Finally, to demonstrate that transfection of the CMV-KLF4 construct resulted in increased production of the KLF4 protein, Western blotting analysis was performed. It confirmed high levels of KLF4 protein were expressed in the transfected cells (Fig. 3E) .
Endogenous HDC Expression Was Attenuated by KLF4 Expression-To gain further insights into the regulation of the HDC promoter activity by KLF4, the endogenous HDC messenger RNA level was measured upon attenuating endogenous KLF4 expression. As shown in Fig. 4A , endogenous KLF4 messenger RNA was down-regulated by its specific siRNA, and was significantly increased by KLF4 overexpression as might be expected. Accordingly, the endogenous HDC mRNA level was up-regulated by KLF4 siRNA and down-regulated by KLF4 overexpression (Fig. 4A, bottom panel) , consistent with our earlier transfection results with reporter gene constructs. Quantitative PCR was further performed, indicating that the 2-fold reduction of the endogenous KLF4 mRNA level by KLF4-specific siRNA corresponds with about a 3-fold increase of endogenous HDC mRNA level (Fig. 4B, left panel) . In addition, overexpression of KLF4 results in over 1000-fold increase of KLF4 mRNA level (data not shown), corresponding with the ϳ3-fold decrease of endogenous HDC mRNA level. Moreover, inhibition of KLF4 by the gene-specific siRNA induced HDC FIG. 3 . KLF4 dose-dependently and specifically inhibits HDC promoter activity. A, the primary structure of the minimal HDC promoter (107 bp) is shown, and indicates an upstream TATA-like box, a GC box, and three downstream GAS-REs. B, the minimal HDC promoter driven luciferase reporter construct was cotransfected with increasing amounts of cytomegalovirus-driven KLF4 expression plasmid (pcDNA3-KLF4) and 0.005 g of internal control Renilla luciferase plasmid into AGS-E cells. The total amount of plasmids was filled to 1 g with the empty vector (pcDNA3). Forty-eight hours later, cells were harvested and luciferase activities were assayed by a luminometer as described under "Materials and Methods." The average Ϯ S.D. for three independent experiments is shown. The star (*) indicates the statistical difference of the relative promoter activities of the transfection experiments between cotransfected KLF4 plasmids, and the vector alone is significant (p Ͻ 0.05). C, 1.8-kb HDC promoter driven luciferase construct and the minimal HDC promoter reporter construct were cotransfected with vector (pcDNA3) or KLF4 expression plasmid (pcDNA3-KLF4) into AGS-E cells. The relative promoter activity was calculated as described in B. The star (*) indicates that the inhibition by KLF4 overexpression plasmid is statistically significant compared with vector control (p Ͻ 0.05). D, the minimal HDC reporter construct was cotransfected with vector (pcDNA3.1/Myc-HisB), KLF4 expression plasmids (KLF4, KLF4(ZF)), and KLF5 expression plasmids (KLF5, KLF5(ZF)) into AGS-E cells. The relative promoter activity was calculated as described in B. Statistical difference is indicated by a star (*) between the KLF4 overexpression plasmid and vector control (p Ͻ 0.05). E, pcDNA3.1/Myc-HisB (V) and KLF4-pcDNA3.1/Myc-HisB (KLF4-Myc) were transfected into HEK293 cells. The total protein was then extracted after transfection and separated on SDS-PAGE, followed by Western blotting analysis using anti-myc antibody and anti-␣-tubulin as described under "Materials and Methods." mRNA production by using RNA protection assay (Fig. 4D, lane  6 versus lane 5) , thus further strengthening the model of downregulation of the HDC transcription by KLF4.
Sp1 Transactivates HDC Promoter through Upstream GC Box-It has been reported that one of the mechanism by which KLF4 inhibits gene expression is through competition with other transcriptional activators, such as Sp1, which bind GCrich sequences (32) . In the minimal HDC promoter construct, there is a GC-rich region (GGGCGG) with high homology to the consensus Sp1 binding motif. Although Sp1 binding with this GC box was shown by supershift using Sp1 antibody in EMSAs, the effect of Sp1 in HDC promoter activity was not fully studied (20) . To further test the binding of Sp1 with this element, EMSAs were performed using the HDC-Sp1 oligo (5Ј-AGG-GACTTGAAGGGCGGAGCTAAGGTCA-3Ј) as the probe. This EMSA probe contains the core GC box GGCGGG along with additional nucleotides at both 5Ј and 3Ј ends. In the absence of competitors, three DNA-protein complexes were observed (C1, C2, and C3 in Fig. 5A, lane 2) . Competition studies suggested that these protein-DNA complexes appear to be specific. Unlabeled mutant HDC-Sp1 oligo (HDC-Sp1M, 5Ј-AGGGACTT-GAAGTTCGGAGCTAAGGTCA-3Ј) with minimal mutations in the core GC box barely competed with these complexes compared with wild type oligo (Fig. 5A, lane 4 versus lane 3) . Importantly, the unlabeled mutant Sp1 consensus oligo competed with these complexes much less than the wild type Sp1 consensus oligo (Fig. 5A, lane 6 versus lane 5) , suggesting that Sp1 or one of its family members such as Sp3 and Sp4 is present in these complexes. The presence of Sp1 in the C1 complex was further confirmed by disruption of this complex and a supershift C4 using the anti-Sp1 antibody (lane 7). As a negative control, anti-KLF4 antibody did not influence the composition of the DNA-protein complexes (lane 8). The disruption of C2 and C3 complexes and multiple supershifts (SS in lane 9) using anti-Sp3 antibody in the EMSA indicates that the Sp3 is in these two complexes. However, overexpression of the Sp3 construct did not influence HDC promoter activity (data not shown), suggesting that the differential effects of Sp1 and Sp3 exist even though they can bind similar DNA motifs, which is consistent with the previously reported data (50) . Thus, these EMSA results show clearly the binding of Sp1 with the upstream GC box in the HDC promoter.
To further test the effect of Sp1 binding with the GC box on the HDC promoter, an Sp1 expression plasmid was cotransfected with a HDC promoter reporter construct. With increasing amounts of the Sp1 expression plasmid, wild type HDC promoter activity was dose-dependently increased (Fig. 4B,  black bars) . However, in the presence of GC box mutations in the HDC promoter, previously shown to decrease Sp1 binding by EMSAs, basal HDC promoter activity as well as Sp1-induced HDC promoter activation was significantly reduced (Fig.  5B, white bars) , indicating that Sp1 transactivates HDC promoter activity through binding with the upstream GC box. This up-regulation was further confirmed by the up-regulation of endogenous HDC mRNA after Sp1 overexpression using RNA protection assays (Fig. 4D, lane 4 versus lane 3) . KLF4 Competes with Sp1 in Regulation of HDC Promoter Activity-Functional studies showing an opposite effect on promoter activity by overexpression of KLF4 and Sp1 suggests a competition mechanism in regulation of the HDC promoter. To further explore this possibility, cotransfection of the Sp1 and KLF4 expression plasmids with the HDC reporter were performed. When the Sp1 plasmid was fixed to 1.0 g, increasing amounts of KLF4 plasmid dose-dependently inhibited Sp1-induced HDC promoter activation (Fig. 6A) . In contrast, in parallel cotransfection experiments where the exogenous amount of KLF4 expression plasmid was fixed, Sp1 was able to dose dependently reverse KLF4-mediated HDC promoter inhibition (Fig. 6B) . These cotransfection experiments further strengthen the model of competition between Sp1 and KLF4 in transcriptional regulation.
GC Box in HDC Promoter Is Portable for KLF4 InhibitionBecause KLF4 competes with Sp1 in the regulation of HDC promoter activity, and Sp1 activates the promoter activity through the upstream GC box, it is suspected that this GC box also mediates KLF4 inhibition. If this model is correct, then this KLF4-mediated inhibitory function should be portable. To test this possibility, the GC box from the HDC promoter was cloned into an enhancerless promoter construct (pTATALucϩ), and the effect of overexpression of the KLF4 construct was examined using transient cotransfection assays. As shown in Fig. 6C , the reporter activity as expected was significantly increased by the insertion of the GC box into the vector, because Sp1 (and possibly other members of Sp1 family) binds this DNA element resulting in transcriptional activation. This activation was largely abolished by the mutation in the core GC box, which further supports the activation effect of this GC box. More importantly, whereas there was minimal promoter inhibition when cotransfecting KLF4 with pTATA-Luc, there was 40% inhibition seen when cotransfecting the KLF4 with the GC box-containing promoter construct. Furthermore, mutations in the core GC box totally abrogated the KLF4-mediated inhibition (Fig. 6C) . These data indicate that the GC box in the HDC promoter can also mediate KLF4-dependent inhibition, and that this inhibition is portable.
KLF4 Inhibits HDC Promoter Activity through Downstream Gastrin
Responsive Elements-Because KLF4 binds all three downstream gastrin responsive elements by EMSAs, the relative importance of KLF4 binding to individual GAS-REs was then investigated. Mutant HDC reporter constructs with the upstream Sp1 binding site mutated (designated as Sp1M in Fig. 7) were first generated to avoid specific competition through this element. Mutations within each of three downstream gastrin responsive elements individually or in double or triple combinations were then introduced (designated as Fig. 7) . Cotransfection experiments were then performed with these different mutant HDC reporters and KLF4 expression plasmid or the vector control. Among the different mutant HDC GAS-RE reporters, there was in general no significant change in the basal promoter activity when the vector control alone was cotransfected compared with the Sp1M reporter; the exception was the Sp1M-23M mutant reporter with mutations in both GAS-RE2 and GAS-RE3 along with the Sp1 mutation, which showed much higher basal activity. However, in the presence of background Sp1 binding site mutations (Sp1M), KLF4-dependent inhibition was partially relieved by GAS-RE mutations, single or in combination (Fig. 7) . Interestingly, even though the KLF4 inhibition was partially relieved, the promoter activity was not fully recovered by these GAS-RE mutations. Nevertheless, the inhibition by KLF4 on the HDC promoter activity lacking an upstream Sp1 site indicates that KLF4 is able to inhibit HDC promoter activity in both Sp1-dependent and -independent manners.
KLF4 Inhibition and Gastrin Activation of HDC Promoter Are Separable Events-Previously, GAS-REs have been shown by our group to mediate gastrin-induced HDC promoter activation (8, 17) . In this study, KLF4 was shown to bind to the GAS-REs and to inhibit HDC promoter activity. Thus, we investigated the relationship between gastrin activation and KLF4-mediated inhibition. Cotransfection experiments in AGS-E cells were performed with the KLF4 expression plasmid and the different mutant HDC reporter constructs, containing mutations in the Sp1 binding GC box and in gastrin responsive elements (as described above). Cells were then treated with 10 Ϫ7 M gastrin or left unchanged. Gastrin-mediated HDC promoter activation was reduced by mutation in GAS-REs (data not shown) as previously reported (17) . Although KLF4-mediated inhibition was partially relieved by mutations in GASREs, all of the mutant HDC reporter constructs were responsive to gastrin treatment, with the Sp1M-23M construct showing the highest activation after gastrin treatment (Fig. 8) . Taken together, these results suggest that gastrin-induced activation and KLF4-mediated inhibition of the HDC promoter activity are likely mediated by independent mechanisms.
DISCUSSION
In this study, we employed yeast one-hybrid screening to identify KLF4, a transcription factor highly expressed in the gastrointestinal tract with a molecular mass of 56 kDa, as one of the nuclear factors that binds to the GAS-RE domains in the HDC promoter. The molecular weight of KLF4 initially suggested to us that it was a good candidate for the GAS-RE1 binding protein (17) , but further EMSA studies and co-transfection studies revealed that KLF4 in fact binds all three gastrin responsive elements. Cotransfection experiments showed that KLF4 dose dependently and specifically repressed HDC promoter activity and endogenous HDC mRNA expression was also regulated by KLF4. In vitro cotransfection studies and heterologous promoter studies supported a model of competition between Sp1 and KLF4 in regulation of HDC gene expression. Finally, mutations in the HDC promoter that abrogated KLF4-mediated inhibition were unable to block gastrin stimulation, suggesting that gastrin regulation and KLF4 inhibition on HDC promoter are likely distinct.
Our results in this study suggest that KLF4 inhibits HDC promoter activity by competition with Sp1 at the upstream GC box. This is consistent with previous reports showing that KLF4 represses cyclin D1 promoter (51), ODC promoter (32), and CYP1A1 promoter (52) through an Sp1-dependent mechanism. However, it has also been reported that under certain circumstances, KLF4 can activate gene transcription in combination with Sp1. For example, Sp1 and KLF4 have been reported to synergistically transactivate the rat laminin ␥1 chain promoter (34) and the keratin 19 promoter (39). These differential transcriptional activities are consistent with the known function of KLF4 to inhibit proliferation by down-regulating genes that promote cell cycle progression and proliferation (such as cyclin D1 and ODC promoter), and to promote expression of differentiation genes (such as keratin 4 and keratin 19) . A possible explanation for the opposite activity of KLF4 on different promoters may have to do with differences in primary structure of the promoters. It appears that in the repressed promoters, such as in cyclin D1, ODC, and CYP1A1, both Sp1 and KLF4 share one binding site, whereas in the activated promoters, there are separate Sp1 and KLF4 binding sites, such as in rat laminin ␥1 and keratin 19 promoters. Presumably, KLF4 represses gene transcription by competing with Sp1   FIG. 4 . Endogenous HDC mRNA level is attenuated by KLF4 siRNA and KLF4 expression plasmid. A, AGS-E cells were transfected with the KLF4-specific siRNA along with nonspecific siRNA, as well as the KLF4 expression plasmid pcDNA-KLF4 and vector control pcDNA3. Forty-eight hours later, total RNA was extracted, and the reverse transcription reaction was performed with the generated cDNA. cDNA was used as template to perform the PCR using primers specific to GAPDH, KLF4, and HDC. The PCR products were separated on 2% agarose gel with 1% ethidium bromide, and then photographed. B, relative endogenous KLF4 and HDC mRNA levels are shown after overexpression of KLF4 siRNA and control siRNA. Quantitative real-time PCR were performed using the cDNA template and the specific primers for GAPDH, KLF4, and HDC as described above. KLF4 and HDC mRNA levels were normalized to GAPDH first, and their levels with KLF4 siRNA transfection were then, respectively, normalized to those levels with control siRNA transfection. The results shown are representative of three independent experiments. C, relative endogenous HDC mRNA levels are shown after overexpression of the KLF4 plasmid (pcDNA3-KLF4) and vector (pcDNA3). Quantitative real-time PCR were performed as described in B. HDC mRNA levels were normalized to GAPDH first, and then the HDC mRNA level in the presence of the KLF4 plasmid was then normalized to the HDC mRNA level in the presence of the vector (pcDNA3). The results shown are representative of three independent experiments. D, total RNA was extracted after cytomegalovirus promoter vector (CMV), CMV-Sp1, and mock siRNA, and KLF4 siRNA were transfected into AGS-E cells. RNase protection assays were then performed. within one KLF4/Sp1 binding site, whereas in the setting of separate binding sites, KLF4 is able to activate gene expression in synergy with Sp1. In the HDC proximal promoter region there is an Sp1 binding GC box, and there is no obvious separate KLF4 binding site in this region, which fit the one-site competition model as proposed above. However, this model cannot entirely account for the fact that KLF4 also binds to three downstream GAS-REs that likely leads to additional inhibition, although the binding sites are not all consensus CACCC motifs. Through competition with the Sp1 binding sites, KLF4 may inhibit gene transcription by displacing the recruitment of the Sp1 containing transcriptional activator complex to the proximal promoter site. In addition to direct competition with Sp1 for binding to the HDC promoter, KLF4 could mediate transcriptional repression through several additional mechanisms. First, physical interaction between Sp1 and KLF4 has already been shown by Zhang et al. (52) . This interaction might disrupt the recruitment of the transcriptional coactivator complex, such as the cofactor (e.g. CRSP) required for Sp1-mediated gene transcriptional activation (53) , resulting in transcriptional inhibition. Second, KLF4 might also interact directly with the coactivator complexes, leading to failure of the recruitment of the complexes to the Sp1 binding site or to the inhibition of the activity of the coactivator complexes. It should be noted that all of these possibilities are not mutually exclusive, and further experiments need to be done to address these possibilities.
Our study also demonstrated that KLF4 inhibits HDC promoter activity in an Sp1-independent manner through the downstream GAS-REs (Fig. 7) , thus adding another layer of complexity to HDC gene regulation by KLF4. Although KLF4 could still inhibit promoter activity of HDC constructs lacking a functional upstream Sp1 binding site, in the absence of this Sp1 site the basal promoter activity was markedly reduced (data not shown). This suggests that inhibition through this FIG. 5 . Sp1 dose-dependently activates HDC promoter activity through the upstream GC box. A, EMSAs were carried out by mixing nuclear extracts from AGS-E cells with radiolabeled double-stranded HDC-Sp1 oligo (described in the text) as the probe. The competition assays were performed similarly as described in Fig. 2A . Lane 9 shows the competition assay by 1.0 l of Sp3 antibody (Santa Cruz: sc-644X). SS indicated supershifts. B, the minimal HDC reporter constructs (see Fig. 3A ) with and without mutations in the Sp1 binding site (indicated by black and white bars) were cotransfected with increasing amounts of CMV-Sp1 expression plasmid into AGS-E cells. The total amount of CMV plasmids was filled to 1.0 g with empty vector. The relative promoter activity was calculated as described in the legend to Fig. 3B . The statistical difference (p Ͻ 0.05) of the promoter activity after transfection was shown with stars (*) between the wild type HDC reporter construct (WT-HDC) and the HDC reporter construct with a mutant Sp1 site (Sp1M-HDC) at the respective level of cotransfected CMV-Sp1 plasmids.
FIG. 6.
Competition between Sp1 and KLF4 in regulation of the HDC promoter activity. A, increasing amounts of KLF4 expression construct (pcDNA3-KLF4) were cotransfected with the minimal HDC reporter in the presence of fixed Sp1 expression plasmid (1.0 g) into AGS-E cells. The relative HDC promoter activity was calculated as described in the legend to Fig. 3 . Statistical difference is indicated by a star (*) between the KLF4 overexpression plasmid and vector control (p Ͻ 0.05). B, parallel cotransfection experiments were performed, where the KLF4 expression plasmid was fixed to 1.0 g, and increasing amounts of Sp1 expression plasmid were cotransfected with the HDC reporter construct. Statistical difference is indicated by star (*) between the Sp1 overexpression plasmid and vector control (p Ͻ 0.05). C, wild type and mutant GC box from the HDC promoter were cloned into pTATA-luc(ϩ). The cotransfection assays were performed using these new reporters plus pTATA-luc(ϩ) and either the vector (pcDNA3.1/ Myc-HisB) or KLF4 expression construct (KLF4-pcDNA3.1/Myc-HisB). Statistical difference is indicated by star (*) between the KLF4 overexpression plasmid and vector control (p Ͻ 0.05).
upstream Sp1 site likely plays a major role, whereas inhibition by KLF4 through the downstream GAS-REs may serve a more minor role. The portability of the GC box in the HDC promoter and the intact GC box-dependent inhibition by KLF4 (Fig. 6C ) strongly suggests a general competition between Sp1 and KLF4 in regulation of gene expression. The GAS-REs mutations either individually or in combination only partially relieved KLF4 inhibition, suggesting that the functional mutations were not achieved, that KLF4 was binding to additional sites, or that an additional inhibitory mechanism was involved. The finding of KLF4 inhibition of transcription from a promoter without a cognate binding site (data not shown) would favor the last possibility.
In addition to the HDC promoters, gastrin also up-regulates several other promoters, such as chromogranin A (21), vesicular monoamine transporter subtype 2 (22) , and heparin binding-epidermal growth factor (54) . Importantly, it has been clearly shown that gastrin up-regulates the first two promoters through Sp1 binding sites, whereas in the case of heparin binding-epidermal growth factor promoter, Sp1 is not involved in gastrin regulation. In the human HDC promoter, the gastrin responsive elements are mapped downstream of the transcriptional initiation site (17) , and the Sp1 binding GC box is located upstream. In the current study, we showed that even though the upstream Sp1 site is mutated, the HDC promoter is still up-regulated by gastrin treatment (Fig. 8) . These data further suggest that even though gastrin up-regulates gene expression through GC-rich sequences, the mechanisms mostly likely are distinct. In addition, the response to gastrin stimulation remained intact when KLF4 binding sites were mutated (Fig. 8 ). The precise relationship between gastrin activation and KLF4 inhibition, which were mapped to the same region of the promoter, is currently unknown, but presumably involves different activation and repression complexes that share the same general sites but are not mutually exclusive. Further identification of nuclear factors/transcriptional factors that bind to three gastrin responsive elements in the HDC promoter and mediate gastrin responsiveness will help to delineate the mechanism. FIG. 7 . KLF4 inhibits HDC promoter activity through downstream gastrin responsive elements. Different minimal HDC reporter constructs with mutations in the Sp1 binding GC box and in each gastrin responsive element (see "Materials and Methods") were cotransfected with vector (pcDNA3, empty bars) or KLF4 expression plasmid (pcDNA3-KLF4, black bars) into AGS-E cells. Sp1M indicates mutations in the GC box. 1M, 2M, and 3M indicate the mutations within GAS-RE 1, 2, and 3, respectively, and 12M, 13M, 23M, and 123M indicate the mutations in combination. The relative HDC promoter activity was calculated as described in the legend to Fig. 3B . Statistical difference is indicated by a star (*) between the KLF4 overexpression plasmid and vector control using different mutant HDC promoter reporters (p Ͻ 0.05). Partial relief of KLF4 induced inhibition of the HDC promoter activity by mutations in the GAS-REs in the presence of the Sp1 mutation in the promoter is also statistically significant (p Ͻ 0.05).
FIG. 8. KLF4 inhibition and gastrin activation of HDC promoter are separable events. Different HDC mutant reporters as described in the legend to Fig. 7 were cotransfected with the KLF4 expression plasmid (pcDNA3-KLF4). Cells were starved overnight, then treated with 10 Ϫ7 M gastrin (black bars) or left unchanged (empty bars) for 24 h. The relative HDC promoter activity of each reporter was calculated as described in the legend to Fig. 3B . Statistical difference is indicated by a star (*) between gastrin treatment and control in the presence of pcDNA3-KLF4 using different mutant HDC promoter reporters (p Ͻ 0.05).
